Keywords: energy storage, relaxor, antiferroelectric, PLD, MPB Ferroelectrics/antiferroelectrics with high dielectric breakdown strength have the potential to store a great amount of electrical energy, attractive for many modern applications in electronic devices and systems. Here we demonstrate that a giant electric energy density (154 Jcm -3 , 3 times the highest value of lead-based systems and 5 times the value of the best dielectric/ferroelectric polymer), together with the excellent fatigue-free property, good 
Introduction
In recent years, there has been an increasing interest to develop new dielectric capacitors that possess high power density, fast charge/discharge (< 1 µs), low cost and high thermal and mechanical stability. [1] [2] [3] These capacitors could find applications in defibrillators, detonators, and power electronics, etc., that require high power density. [1] [2] [3] However, compared with fuel cells, Li-ion batteries and supercapacitors, the dielectric capacitors have the lowest energy density. [4, 5] To improve this, much attention has been particularly paid to antiferroelectric ceramics such as PZ, [6, 7] PLZT, [8, 9] PZN-PMN-PT, [4] and PLZST, [4] etc., since they normally have higher energy density than ferroelectric and paraelectric ceramics at comparable electric field. [2] The energy density in bulk ceramics is usually less than 1 Jcm -3 because of the limitation of low dielectric breakdown strength (< 100 kVcm -1 ). [10] With the development of high-quality thin films by sol-gel, pulsed laser deposition (PLD), and molecular beam epitaxy (MBE), etc., large energy density, mainly in lead-based antiferroelectric thin films has been achieved due to the higher dielectric breakdown strength (> 500 kVcm -1 ) . [3, 8, 11, 12] For example, a high energy density of 53 Jcm -3 at 3500 kVcm -1 was obtained in relaxor antiferroelectric (Pb 0.92 La 0.08 )(Zr 0.9 Ti 0.05 )O 3 sol-gel thin film. [8] However, widespread applications of leadbased materials are prohibited due to the toxicity of lead. As a lead-free dielectric material, poly(vinylidene fluoride) (PVDF)-based polymer was also widely studied and a high energy 3 density of 27 Jcm -3 at 8000 kVcm -1 was reported. [1, 4] However, its lifetime and reliability are seriously impaired at the maximum operating temperature (typically less than 85°C), seriously limiting its applications as capacitors.
In this study, (Bi 1/2 Na 1/2 ) 0.9118 La 0.02 Ba 0.0582 (Ti 0.97 Zr 0.03 )O 3 (BNLBTZ) epitaxial lead-free relaxor thin films with a coexistence of rhombohedral ferroelectric (FE) and tetragonal antiferroelectric (AFE) phases were deposited by PLD method on (00l) single crystal SrTiO 3 substrates. The film composition was exquisitely designed to be near the morphotropic phase boundary (MPB) of the (1-x)(Bi 1/2 Na 1/2 )Ti-xBaTiO 3 (BNT-BT) solid solution, as shown in Figure 1 . [13] An appropriate content of La doping is to reduce the Curie temperature of the MPB composition 0. The cross-sectional SEM image of the (100)-oriented BNLBTZ thin film (Supporting Information Figure S1 ) shows clearly the epitaxial BNLBTZ film (thickness~350 nm), the Figure S2 ), a feature of good epitaxial growth. [14] A direct evidence of the good epitaxial growth can be respectively. [15] Streaking of the superlattice reflection can be observed along the [001] direction. It is believed that the doping of La on the A-site of the ABO 3 perovskite structure disrupted the long range ordering of the AFE phase and led to the observed incommensurate modulations of the AFE phase. [16] The piezo-response force microscopy (PFM) vertical phase image (upper-right corner inset of Figure 2c ) shows that the FE/AFE nanodomains can grow up into larger ones under the stimulus of an appropriate electric field. Figure 3 shows the temperature dependence of the relative dielectric permittivity (ε(T)) and the dielectric loss (tan δ(T)) of BNLBTZ bulk ceramic and (100)-oriented thin film. The dielectric permittivity (ε 10kHz, 300K =1897) of the thin film at room temperature is much higher than that (ε 10kHz, 300K =1618) of the bulk. However, the dielectric permittivity ((ε 10kHz, 300K =1255; Supporting Information Figure S3 ) of the (111)-oriented BNLBTZ thin film is far below that of the bulk, implying that the rhombohedral phase is the dominant phase instead of the tetragonal one (consistent with the TEM result in Fig. 2d ) since for a rhombohedral phase the dielectric permittivity along the [111] direction is less than that along the [100]
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direction. [17] In the bulk BNLBTZ, two dielectric permittivity maxima (at 10 kHz) can be observed at T m1 =374 K and T m2 =562 K, which correspond to the phase transition temperatures of T FE-AFE and T AFE-PE , respectively. By contrast, for the (100)-oriented BNLBTZ epitaxial thin film, the two dielectric permittivity maxima were smeared due to the relaxor dispersion in the thin film, especially near T m1 . The relaxor dispersion degree around T m1 can be estimated by the Lorentz-type relation, [18] 
) and ε A are the temperature of the dielectric permittivity peak and the extrapolated value of ε at T = T A , respectively. The parameter δ A reflects the relaxor diffuseness of the dielectric peak. The greater the relaxor dispersion is, the larger the δ A is. The Lorentz fitting parameters δ A around T m1 for the bulk and the thin film (the red dash dotted line in Figure 3 ) are 74 and 150, respectively, indicating a much higher degree of the relaxor dispersion in thin films, which can be attributed to small size effect, substrate constraint, interface charge and other defects (such as vacancies). [19, 20] Furthermore, the two dielectric permittivity maxima of the epitaxial thin film are both less than those of the bulk. One moves to the low temperature side of T m1 and the other to the high temperature side of T m2 , leading to a wider temperature range of the AFE phase and a lower temperature coefficient of permittivity/capacitance (650-850 ppmK -1 ) from room temperature up to 473 K.
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Due to the greater relaxor dispersion in the thin film, the dielectric loss (tan δ(T)) of the (100) oriented BNLBTZ thin film is much higher than that of the BNLBTZ bulk ceramic in the entire temperature range measured.
Previous research results showed that the re-orientation of polar nanoclusters in relaxor FE/AFE phase plays a very important role in the electric field dependence of the dielectric permittivity, in addition to the contribution from intrinsic lattice phonon polarization. [21] The room temperature dielectric permittivity (ε(E)) and the loss (tan δ(E)) at 10 kHz exhibit a nonlinear dependence on the bias electric field (inset of Fig. 3 ). Dielectric tunability and figure-of-merit (FOM) are defined as: (ε(0)-ε(E))/ε(0), and tunability/tanδ, respectively. [20] They both increase with increasing electric field, and a tunability of 87% and an FOM of 12
are achieved at E=750 kVcm -1 , very promising for the application in dielectric tunable devices.
The ε(E) of the (100)-oriented BNLBTZ relaxor thin film can be described by the following equation.
[21]
where ε 0 is the vacuum permittivity, λ a temperature-independent coefficient, ε r (0) the relative dielectric permittivity at zero field, P r the polarization of a polar nanocluster, L the cluster size (or correlation length), k B the Boltzmann's constant and T the temperature. The first term in Eq. (1) represents the polarization contribution from lattice phonons, and the second stands for the re-orientation contribution from polar nanoclusters. The black solid line (inset of Figure 3 ) fitted according to Eq. (1) agrees quite well with the experimental data. Obviously, the nanoclusters make a significant contribution to ε below~200 kVcm -1 , which decreases quickly with increasing E and almost disappears at an electric field above 300 kVcm -1 . It can also be seen (inset of Figure 3 ) that the dielectric permittivity contributed by the nanoclusters (ε cluster ) is 1322 under zero bias, about 70% of the total dielectric permittivity (ε total ). The size of nanoclusters, according to the fitting, is L = 3.9 nm. 7
Energy storage
The energy density (W) of a dielectric-based compound is given by
where E is the applied electric field that causes the variation in electric polarization P, P r is the remnant polarization, and P max is the maximum polarization under the applied field. It is obvious that, to have a high energy density W, the material should have a high P max and a low P r . They are realized in the BNLBTZ films through the coexistence of relaxor FE and AFE phases, where the relaxor FE phase helps maintain a high P max and both the relaxor FE and AFE phases keep a low P r . From the P-E hysteresis loop of the (100)-oriented thin film (Figure 4 ) it can be seen that the P max and P r are 72.1 and 4.03 µCcm -2 , respectively and the breakdown field exceeds 2180 kVcm -1 (Fig. 4) . A careful examination on the P-E loop shows that it is not an FE-type single loop since four peaks can be observed in the corresponding I-E curve (inset of Fig. 4 ). The four peaks occur at a relatively low electric field of 125 kVcm -1 and are indicative of a relaxor AFE nature of the epitaxial thin film. One may argue that double hysteresis loops are not necessarily indicative of antiferroelectricity. As originally shown by Merz, [22] double loops also occur for first-order FE transitions over a temperature range of a few degrees above T c , where the applied field induces spontaneous polarization. In BaTiO 3 this occurs over a temperature range from the Curie temperature T c to T c +11K.
However, this can be ruled out in the present case because there is no evidence for such a temperature dependence. One may also propose that double hysteresis loops may be due to the aging of point defects. [23] This can also be ruled out since the double hysteresis loops were observed in our fresh samples without aging. By integrating the discharging portion of the P-E loop according to Eq. was achieved (Fig. 4) . The good quality of the (111)-oriented epitaxial film can be reflected from the XRD pattern, the rocking curve of (111) and the phi scan of (110) (Supporting Information Figure S5 ). The higher energy density of the (111)-oriented film can be ascribed to the higher P max (82.5 µCcm -2 ) along [111] which is the spontaneous polarization direction for a system with a dominant rhombohedral phase.
In real applications, capacitor efficiency () is also an important factor to consider, which is defined as the ratio of the discharging (output) energy to the charging (input) energy,
where W loss is the energy loss density, equivalent to the integrated area the closed P-E hysteresis loops. At an electric field of 2180 kVcm -1 , the energy loss densities of the (100)-and (111)-oriented BNLBTZ thin films are 9.2 and 10.3 Jcm -3 , respectively, which result in efficiencies of 79 and 81%, respectively.
For energy storage applications, cycling life is another important factor to consider. An electrochemical supercapacitor can normally withstand a cycling number of 10 5 . In this study, after 10 8 fatigue cycles (bi-polar cycling), a relatively high P max (70.5 µCcm -2 ) and a low P r (2.94µCcm -2 ) can still be maintained for (100)-oriented BNLBTZ thin film under an electric field of 2180 kVcm -1 (Figure 4) , with a corresponding high energy density of 37.94 Jcm -3 .
Since, in real applications, dielectric capacitors normally undergo unipolar cycling, it is thus believed that the cycling number of our thin film capacitor can be well above 10 8 . The excellent anti-fatigue property of our epitaxial thin film is resulted from (1) the use of a highly conductive p-type oxide La 0.7 Sr 0.3 MnO 3 as the bottom electrode, [24] and (2) the great relaxor dispersion and the unique nanodomain structure near MPB (Figures 2c and 2d ) that help 9 reduce the large strain associated to the AFE-FE phase transition under an applied electric field, similar to the case in irradiated relaxor P(VDF-TrFE) copolymer network. [25] In addition to the above, thermal stability should also be considered in real capacitor applications. [3] The P-E loops of the (100)-oriented thin film at selected temperatures after 10 8 fatigue cycles are shown in Supporting Information Figure S6 . From the inset (b) of Figure 4 , it can be seen that the variations of the energy density and the efficiency are below 2.6 and 5%, respectively, from room temperature up to 110°C. The slight increase in energy density as the temperature is increased from room temperature to 100C is due to the increased leakage current at higher temperatures, where the P-E loop becomes more and more leaky (Supporting Information Figure S6 ). It is noted that the temperature for the maximum energy density (black arrow in the inset (b) of Figure 4 ) is close to T m1 (red arrow in Figure 3 respectively. The efficiencies are 95% and 97%, respectively, comparable to the Columbic efficiency of a good electrochemical supercapacitor. [26] Further increasing the electric field will cause a failure of the top electrode (inset (b) of Figure 5 ) due to the large leakage current at the beginning of charging (inset (a) of Figure 5 ). The leakage current measurement (Supporting Information Figure S7) shows that, under a high electric field, the conduction in (100) thin film satisfies a bulk-limited conduction mechanism, following a Poole-Frenkel relation. [27] It is believed that the flat film/electrode interface ( Figure 2b and Supporting Information Figure S1 ) is one of the reasons to achieve a high breakdown field. An even higher energy density is achievable if the film quality can be further improved and the top electrode can be optimized by using, for example, a LaNiO 3 electrode. [11] The utilization of a 'dead layer' at the film/electrode interface could be another way to further increase the energy density, especially for a large area device. [28] To benchmark the capability of the BNLBTZ thin films for applications in energy storage devices, the energy densities of the BNLBTZ thin films in the present work are compared with a number of promising materials previously reported (Figure 6 and Supporting Information Table S1 ). The energy densities in both the (100)-and (111)-oriented BNLBTZ thin films reported here are significantly better than previously reported lead-based (PZ, PLZT, PZN-PMN-PT, and PLZST, etc.) and lead-free materials (PVDF and BFST, etc.). [1, 3, 4, [6] [7] [8] [9] 12] By implementing a multilayer configuration, the BNLBTZ reported in this work will be a very promising, environmentally friendly, inexpensive (compared with scandium-based), [29] and thermally stable (compared with polymers) capacitor material for potential applications in electric energy storage, due to its ultrahigh energy density (154 Jcm -3
7.7 Whkg -1 ) and ultrahigh power density (2.6×10 8 Wkg -1 ) (inset of Figure 6 ).
Conclusions
In conclusion, a giant energy storage effect (137 and 154 Jcm -3 for (100)-and (111)-oriented thin films, respectively) with high efficiency, excellent anti-fatigue property (10 thin film with lead-free, fast charge/discharge, low cost, high thermal stability, may make it a promising material for modern energy storage technology, especially in electronic and electric systems.
Experimental procedure

Fabrication of BNLBTZ target:
BNLBTZ target was fabricated by sol-gel and conventional solid-state reaction methods.
Bi(OAc) 3 , Na(OAc), La(NO 3 ) 3 and Ba(CH 3 COO) 2 were dissolved in glacial acetic, 2-methoxyethanol and deionized water. In order to compensate the Bi and Na loss during sintering, 20% excess Bi and Na were added. Separately, acetylacetone and 2-methoxyethanol were added to a mixture of Zr(O n Pr) 4 and Titanium-4-butoxide, and the resulting solution was stirred for 30 min at room temperature. The Bi/Na/La/Ba and Zr/Ti solutions were then mixed and stirred for 1 h at room temperature. After aging for 24 h, the BNLBTZ sol was air-dried.
The natural dried gel was pyrolized at 350°C for 30 min and then fired at 600°C for 30 min, and finally calcined at 900°C for 2 h in air in a tube furnace. After grinding for 2 h in an agate mortar, the calcined powders were then compacted into pellets with 20 mm in diameter and 3 mm in thickness under a 300 MPa cold isostatic pressing and were sintered at 1150°C for 6 h in air, and then cooled to room temperature at a furnace cooling rate.
Fabrication of BNLBTZ thin films:
The as-prepared BNLBTZ target exhibited a prominent pure perovskite crystalline phase in the XRD pattern (Figure 2 ). The BNLBTZ thin film was grown by pulsed laser deposition Table S2 .
The final thickness of the BNLBTZ film was about 350 nm. Circular Cr/Au top electrodes with about 100 μm in diameter were deposited by RF magnetron sputtering using a shadow mask.
Characterization:
The crystallinity of the BNLBTZ film was monitored by X-ray diffraction (XRD, Rigaku 9
KW Smartlab, Japan) on a diffractometer, using Cu Kα radiation ( = 
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